Porcine fetuses between 51 and 57 days of gestation were inoculated intraallantoically with swine influenza virus and examined 3,7, 13, 28 and 58 days after inoculation. At 3 and 7 days, severe epithelial necrosis was seen in most bronchial buds and there was moderate epithelial necrosis in more fully differentiated major bronchi. As a result of the epithelial injury, bronchial buds did not develop further and the surrounding mesoderm failed to differentiate. By 28 days, the lungs of inoculated fetuses were about one-half the size of the normal control lungs. Microscopically, the lungs of the inoculated fetuses were composed of major bronchi surrounded by multiple islands of cartilage, medium to large arteries and a few small, incompletely developed lobules. Influenza virus was isolated most consistently and in greatest quantity from the lung, trachea and chorion of inoculated fetuses. Influenza viral antigen was shown in the epithelium of bronchial buds, bronchi and the trachea by direct fluorescent antibody staining. Hemagglutination inhibiting antibodies to influenza virus were first found in the serum of an inoculated fetus at 13 days and in the sera of all inoculated fetuses at 28 and 58 days.
doses/0.2 ml) in the allantoic fluid and the horn was marked with a loop of suture through the uterine wall. Fetuses from these horns are referred to as principals. Control fetuses in the opposite uterine horn were inoculated in a similar manner with 0.2 ml of diluent. After surgery, gilts were kept in an isolation unit until fetuses were taken. At 3,7, 13,28 and 58 days after inoculation, one inoculated and one control gilt were killed and their fetuses taken immediately. An additional inoculated gilt was killed at 7 days. An attempt was made to keep the fetuses alive from the gilt killed 58 days after inoculation or on day 112 of pregnancy. Each fetus was rubbed vigorously with a towel and placed under a heat lamp if respiration began. As fetuses were removed from the uteri, cord blood samples were taken. Fetuses were weighed and crown-anal lengths measured. Lungs were removed and weighed and the data were analyzed using Student's t test on the logarithms of lung weights as a percent of total body weights. Selected tissues were taken for virus isolation and immunological and histological procedures.
Influenza virus, A/swine/Wisconsin/ 1/68, obtained from Dr. B. C. Easterday (Veterinary Sciences Department, University of Wisconsin, Madison, Wis.) was passed nine times in the allantoic cavity of 10-day-old embryonating chicken eggs and then inoculated intranasally into a 19-day-old specific pathogen free pig. Four days later, the pig was killed. Lung tissue showing gross lesions of pneumonia was placed in modified Eagle's essential medium (Medium F-15, Grand Island Biological Company, Grand Island, N.Y.) supplemented with 1 mmol of sodium pyruvate, 0.25% lactalbumin hydrolysate, 1000 units/ml penicillin and 1000 pg/ml streptomycin and frozen at -70°C. About 24 hours before inoculation, lung tissue was thawed, ground and made into a 10% suspension (weight/volume) using modified Eagle's medium with antibiotics as the diluent. The virus suspension was frozen at -70°C and thawed immediately before use. The titer of the virus inoculum was median egg infective doses per 0.2 ml.
The tissue and fluid specimens collected for virus isolation procedures included lung, trachea, liver, spleen, kidney, brain, chorion, uterus and allantoic fluid. Tissue samples were placed in modified Eagle's medium containing antibiotics and frozen at -70°C. Allantoic fluid was frozen undiluted. Just before inoculation of eggs, tissues were thawed, ground and made into approximately 10% suspensions with modified Eagle's medium containing antibiotics. Two-tenths ml of each clarified tissue suspension (30 min, 1000 g, 4°C) and of undiluted allantoic fluid were injected into 10-day-old embryonating chicken eggs. The inoculation route was the allantoic cavity and three eggs were used for each sample tested. The eggs were incubated at 35°C for 48 hours, chilled overnight at 4°C and the allantoic fluid collected and pooled for each sample. The isolation of influenza virus was determined with chicken erythrocytes in a hemagglutination assay [ 151.
To confirm that the isolated hemagglutinating agent was swine influenza virus, small aliquots of hemagglutination positive allantoic fluid from eggs inoculated with lung and chorionic tissue suspensions were diluted 1:2 with phosphate buffered saline and mixed with either an equal volume of a 1:5 dilution of normal rabbit serum or with the same dilution of rabbit anti-A/swine/Wisconsin/1/68 serum. After 1 hour at room temperature, a 0.5% suspension of chicken erythrocytes was added to each sample. Samples in which hemagglutination was completely inhibited by the antiserum were considered positive for swine influenza virus.
Tissues paralleling those collected for virus isolation procedures were frozen, sectioned on a cryostat-microtome and the sections stained by the direct fluorescent antibody procedure with specific porcine antibody to swine influenza virus conjugated with fluorescein isothiocyanate [lo] . In an effort to prove that immunofluorescence was specific, duplicate frozen sections were prepared. One section was stained with unaltered conjugate and the other with the conjugate after it had been absorbed with concentrated influenza virus [3, 141. Absence of fluorescence in the latter section was considered proof of the specificity of staining. Frozen sections of lung tissue from dead fetuses also were examined with a direct fluorescent antibody procedure for the presence of porcine parvovirus antigen [9] .
Tissue specimens from most body organs were futed in 10% buffered neutral formalin, embedded in paraffin, sectioned and stained with hematoxylin and eosin (HE).
Adult and fetal sera were inactivated by heat at 56°C for 30 min and absorbed with kaolin and chicken erythrocytes as described [8] . An initial fivefold dilution of absorbed serum was made in phosphate buffered saline followed by serial two-fold dilutions. Four hemagglutinating units of influenza virus were added to each dilution [15] , mixed and incubated at room temperature for 30 minutes. A 0.5% suspension of chicken erythrocytes was added to each virus-serum mixture and the mixtures were examined after 1 hour at room temperature for the inhibition of hemagglutination. Hemagglutination inhibiting titers are reported as the reciprocal of the highest serum dilution that caused complete inhibition of hemagglutination.
Results
Living and dead fetuses were found in the uteri of all gilts (table I). Most of the dead fetuses were small, dark brown and tightly enveloped by dark brown fetal membranes. However, the dead control fetus taken 3 days after inoculation and three of the four dead principal fetuses taken from one of the gilts killed at 7 days were about the same size as the live fetuses. Their tissues were discolored gray purple to purple and the control fetus was edematous.
The results of virus isolation, immunofluorescence and microscopic studies of tissues from dead fetuses are given in table 11. Porcine parvovirus antigen was not found in tissues from the dead fetuses.
Living principal and control fetuses taken 58 days after inoculation had strong heartbeats when they were removed from the uterus; however, respiration was stimulated in only one control fetus by brisk towel rubbing.
The only notable observation made during gross examination of tissues from living fetuses was a difference in the size of lungs from control and principal fetuses taken 13, 28, and 58 days after inoculation (table 111). The lungs of principal fetuses taken at 13 days looked smaller than those of the controls ( fig. l ), but the lungs from these fetuses were not weighed and the significance of the differences in lung size could ' Totals from two gilts. 
Number positive/number examined. NE = Lungs not examined. not be determined. There were statistically significant differences (P < 0.01) in the size of lungs from control and principal fetuses taken at 28 and 58 days. At 28 days, the principal lungs were not over one-half the size of the control lungs and at 58 days not over one-third the size of the control lungs ( fig. 2 ). Microscopic lesions were limited mainly to the lungs (table 111 ). In the lung of one of the five living principal fetuses taken 3 days after inoculation, there was severe epithelial necrosis in bronchial buds in all lobules ( fig. 3, 4) . The lumina of the respiratory passages were filled with cellular debris and few lining epithelial cells remained. The normally very cellular mesenchyme around the air passages was more spongy than in the controls; this suggested less mesodermal differentiation in the principal lung. The lumina of major bronchi also contained cellular debris and the normally folded epithelium was flat and necrotic; however, the epithelial necrosis was not as severe in the large bronchi as in the bronchial buds. No microscopic lesions were seen in the other principal fetuses nor in the control fetuses taken at 3 days.
Lesions were found in the lungs of two of the three living fetuses examined 7 days after inoculation. The lesions were similar to, but slightly more advanced than, those in the fetus taken at 3 days. Lumina of bronchial buds were either totally or partly obliterated by a mixture of small mononuclear cells and cellular debris ( fig. 5 ). In some places, the air passages were ' lined by intensely stained, flat, regenerating epithelium instead of the normal cuboidal to low columnar epithelium. In one fetus, a marked mononuclear cell infiltrate was found in the peribronchial mesenchyme. Some cells were lymphocytes and the others unidentifiable. In the other fetus, pulmonary lobular development was retarded and there was a relative increase in mesenchyme around the lobules. The three dead principal fetuses taken at 7 days were about the same size as the living fetuses. Even though the fetal tissues were autolysed, epithelial necrosis was apparent in developing pulmonary air passages and many respiratory passages were filled with cellular debris. No lesions were seen in controls.
The lung lesions in one of the three living principal fetuses examined at 13 days were similar to those seen at 7 days. In the other two fetuses, only remnants of pulmonary lobules remained ( fig. 6) . These remnants were represented by a few major bronchi lined by flat, unfolded epithelium and a few cellular islands surrounded by a large amount of mesenchyme. Collapsed bronchial buds and occasional air passages lined by a flat, hyperchromatic epithelium were discernible in the cellular areas. Lymphocytes were present also, sometimes in sufficient numbers to suggest follicle formation.
Microscopic changes in the lungs of the principal fetuses taken 28 and 58 days after inoculation were similar and will be described together. The lung tissue consisted of an aggregation of major bronchi surrounded by multiple islands of cartilage, medium to large arteries and a few poorly developed lobules. The major bronchi were lined by epithelium that varied from normal ciliated pseudostratified columnar to a single layer of flat cells ( fig. 7, 8) . In a few bronchi, stratsled squamous epithelium was present. The small lobules were composed of bronchioles and a few structures interpreted to be alveoli.
Two of the control fetuses taken 28 days after inoculation and one of the two control fetuses taken at 58 days had lung lesions. The lesions in one of the fetuses taken at 28 days were similar to those seen in the principal fetuses taken at 7 days. In the other control fetus from the same gilt, the lung was of normal size but had microscopic lesions intermediate to those seen in the principal fetuses taken at 7 days and those that will be described in the lung of the control fetus taken at 58 days. The lung of the control fetus taken at 58 days appeared normal macroscopically but was abnormal microscopically ( fig. 9 ). In most lobules, branching tubules lined by cuboidal epithelial cells were in a mesenchymal stroma. These tubules resembled bronchial buds of an earlier stage in fetal lung development. In a few lobules, greater tubular differentiation had occurred and there were structures resembling respiratory bronchioles and alveoli. Major bronchi surrounded by cartilage plates looked normal.
Microscopic changes in other tissues were nonspecific and not extensive. Foci of coagulation necrosis of chorionic epithelium were scattered in the placentas of three dead fetuses taken 3 and 7 days after inoculation. Scattered subepithelial accumulations of lymphocytes and plasma cells were seen in the endometrium of uteri from the gilts killed at 28 and 58 days. Cells accumulated only in those parts of the uteri that contained dead fetuses. In one of the living principal fetuses taken at 28 days and in the control fetuses without pulmonary lesions from the same gilt, perivascular accumulations of lymphocytes and plasma cells were seen in several tissues.
Quantities of swine influenza virus isolated from the tissues of living fetuses are given in table IV. Virus was isolated most consistently and in greatest quantities from the lung, trachea and chorion of the principal fetuses. Virus also was isolated from one or more tissues of a few control fetuses but not from the other control fetuses.
Virus-specific immunofluorescence was seen in tissues of one or more of the living principal fetuses taken 3, 7, 13 and 28 days after inoculation. Viral antigen was seen most consistently in pulmonary bronchial epithelium ( fig. 10 ) but also in tracheal epithelium and ectoderm of the chorion. Antigen was seen most commonly in those tissues from which large quantities of virus were isolated. No viral antigen was seen in tissues from the principal fetuses taken at 58 days nor in any of the control fetuses.
A serologic response to influenza virus was found first in a principal fetus taken 13 days after inoculation (table V) . At 28 days, all of the principal fetuses had hemagglutination inhibiting antibody titers.
Discussion
The affinity of swine influenza virus for respiratory epithelium in the porcine fetuses of our study was similar to its affinity for respiratory epithelium in the postnatal animal [13] . The severity of epithelial injury in fetal lungs was dependent on the degree of epithelial differentiation. The poorly differentiated epithelium that lined the bronchial buds was the most susceptible to infection and injury by the virus. The more highly differentiated epithelium of the major bronchi also was attacked by the virus, but the degree of epithelial injury was not as severe as that in the peripheral bronchial buds. Complete destruction of epithelium in bronchial buds stopped development of the tubular system and also stopped the differentiation of surrounding mesenchyme into muscle, cartilage and supporting connective tissue. The effect on mesenchyme can be explained by the fact that morphogenesis of an epithelial organ, 3 such as the lung, is dependent on the interaction of primordial epithelium with its adjacent mesoderm [I, 161. If one element is destroyed or removed, the other will not develop. Bronchial bud regression and failure of mesodermal differentiation provide a plausible explanation for the appearance of the lungs in principal fetuses taken 28 and 58 days after inoculation. The small lungs were composed of major bronchi surrounded by cartilaginous plates, blood vessels and a few small, rudimentary lobules. Apparently, epithelial destruction was not complete in bronchial buds and a few surviving epithelial structures were able to continue to grow and differentiate into structures resembling terminal air spaces. The less vulnerable, more highly differentiated epithelium of the major bronchi was less severely injured; therefore, 
Reciprocal of highest serum dilution showing hemagglutination inhibition; number in parentheses is titer on day of viral inoculation. epithelial regeneration occurred to some degree, and the bronchi and surrounding mesoderm continued to develop into more mature structures.
Some suggestion of the effect that smaller quantities of influenza virus might have on the fetal lung was seen in one control fetus taken 58 days after inoculation. The arrested tubular development in the macroscopically normal lung of this fetus may have resulted from a mild virus infection after movement, in some unknown manner, of a small amount of influenza virus from the inoculated horn to the control horn. This resulted in less severe epithelial destruction in bronchial buds and in retardation rather than cessation of tubular development. Another possible explanation is that by the time influenza virus reached this fetus, the lung had advanced in development to a point that it better withstood the viral insult. Regardless of which explanation is correct, the findings in the lung of this control fetus might be of some importance in that they may provide a clue to the cause of weak, unthrifty pigs from gilts infected with swine influenza virus during pregnancy [ l l , 12, 17, [19] [20] [21] . Subtle viral injury to the fetal lung might be responsible for impaired respiratory function in the newborn pig and enhanced susceptibility to respiratory infections in the postnatal period. Such subtle injury would be difficult to detect unless the lungs were carefully evaluated functionally and morphologically.
Some investigators have incriminated swine influenza virus as the cause of porcine fetal death and stillbirth [ 11, 17, 181 . Our findings support their observations. In some of the dead fetuses taken 7 and 13 days after inoculation, influenza virus was isolated from the lungs, specific immunofluorescence was demonstrated, and microscopic lung lesions were seen. All of these findings strongly implicate influenza virus as the cause of death in these fetuses. Influenza virus also causes fetal death and resorption in ferrets and mice [2, 131. At least some of the fetal deaths in our experiment probably were related to the surgical manipulation of the uteri at the time of inoculation.
Fetal infection by swine influenza virus also may be a cause of stillbirth in swine I l l , 12, 17, 181. The principal fetuses taken 58 days after inoculation were alive in utero but if parturition had been normal, the severe pulmonary hypoplasia in these fetuses would have made survival highly unlikely, and they probably would have been considered stillborn.
The findings in porcine fetuses inoculated with swine influenza virus may not reflect the severity of pulmonary injury that would occur after natural transplacental virus infection because neither pulmonary hypoplasia nor atrophy has been reported in stillborn pigs. We cannot exclude the possibility that such a lesion has been overlooked.
Swine influenza virus infected and replicated in fetal tissues other than the lung, but no evidence of consistent tissue injury was found in any other sites. Therefore, pulmonary hypoplasia is apparently the only malformation one might see in porcine fetuses after influenza virus infection during pregnancy. This type of malformation is apparently unique in swine. Experimental inoculation with influenza virus of chick embryos, suckling rodents and fetal monkeys results in malformations of the central nervous system [46]. In man, central nervous system and circulatory malformations, cleft lip and reduction deformities in children have been reported after influenza epidemics [7] .
Sometime between 13 and 28 days after inoculation, the fetuses responded immunologically to influenza virus with the production of serum hemagglutination inhibiting antibodies, With the appearance of humoral antibody, the amount of virus in tissues decreased and by the end of gestation, virus was absent in fetal tissues.
The finding of influenza virus, serum antibody and lesions in control fetuses suggests that the virus from inoculated fetuses in one horn spread to the control fetuses in the other horn. The manner of spread was not determined. Direct extension is a possibility because in two gilts, the infected control fetuses were at the cervical end of the uterine horns. Such reasoning, however, makes it difficult to explain why in another gilt, a normal control fetus was found between two infected control fetuses.
